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Abstract
The lift-off characteristics of supersonic streamwise vortex in oblique shock-wave/jet interaction
(OS/JI for short), abstracted from a wall-mount ramp injector in scramjet, is studied through
Large-eddy simulation method. Shocked helium jet is deformed into a pair of streamwise vortex
with a co-rotating companion vortex showing the lift-off characteristic immediately after shock.
Based on the objective coordinate system in frame of oblique shock structure, it is found that the
nature of three-dimensional lift-off structure from a shock-induced streamwise vortex is inherently
and precisely controlled by a two-stage structure kinetics of a shock bubble interaction (SBI for
short). The striking similar structures between OS/JI and SBI support the proposition that the
lift-off of streamwise vortex is the result of a underlying two-dimensional vortical motion. By
considering the first stage impulsive linear growth rate, an improved vortex propagation model
suitable for SBI is proposed and validated. The lift-off height of both numerical OS/JI case
in this paper and wall-mounted ramp injector cases in literatures are well explained under the
structure kinetics model of SBI. This model further predicts that for higher free stream Mach
number (M > 5), increasing ramp compression shows little effect on elevating streamwise vortex
while evident lift-off may occur for lower Mach number (M < 3.5), which offers the new way for
preliminary design of streamwise vortex-based ramp injector in scramjet.
I. INTRODUCTION
Fuel-air mixing enhancement in supersonic internal flows such as in scramjet combustor
is the notorious challenging problem because the mixing strategy, for example parallel shear
mixing [1], developed in subsonic flows lose its strength and can not be easily extended to
supersonic flows [2] due to intrinsic compressible effect [3]. Swithebank [4] firstly proposed
the streamwise vortex generation from the swirl jet to enhance mixing in supersonic flows.
Although the device of swirler introduced in supersonic flows will leads to the large total
pressure loss [5], the idea of the supersonic streamwise vortex enhancing mixing is gradu-
ally the aim in scramjet combustor [6]. Recently, a systematic review on several scramjet
model combustors that are equipped with different kinds of mixing strategies addresses that
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streamwise vortex is still widely accepted as one of the most effective way to enhance mixing
[7].
Among all descriptors concerned in streamwise vortex enhanced mixing, lift-off charac-
teristic, or say penetration trajectory of fuel injection, is one of the important parameters
that determines the injector performance [8]. For one reason, if the fuel can be controlled
to penetrate into the center of main flow to the greatest extent, the contact area between
fuel and air is largely expanded, which further increases mixing [9]. For another reason, if
combustion is considered, well-posed penetration of fuel can alleviate the heat destruction
on the combustor wall [10]. Moreover, proper heat release distribution, which seriously relies
on lift-off of fuel jet, is the key to a successful mode-transition in dual-mode ramjet/scramjet
combustors [11]. Therefore, lift-off of fuel injection from the supersonic streamwise vortex
is core evaluation in the design of combustors.
A lateral injection in crossflow can form a pair of lifting counter-rotating vortex, which
is a canonical problem in mixing enhancement. As for incompressible flows, the penetration
trajectory of lateral injection is mainly controlled by normal momentum flux equivalent to a
normal force [12]. When supersonic inflow is considered, compressibility becomes important.
Jet penetration and trajectory can be dependent not only on momentum flux ratio [13], but
Mach number, molecular weights or geometric shape of orifice [14]. Insight mechanism of
jet in crossflow has been reviewed extensively in [14–16]. However, a normal injection of
gaseous fuel may lose its effect at relatively high inflow Mach number as Ma> 3 due to
the unaffordable injection pressure, which indicates that a liquid-fuel injection is preferred
[17]. Thus, producing streamwise vortex other than normal injection to enhance gaseous
mixing at hypervelocity is desired [18]. Utilizing the potential shock structures imbedded
in supersonic flows, the so-called shock-enhanced mixing mechanism is firstly introduced by
Marble [19, 20]. Artificial or natural oblique shock wave is set to interact with fuel jet,
which creates strong axial vortices that stretches the fuel-air interface [2]. Oblique shock
and circular jet interaction is widely-applied in the research of scramjet or shramjet (shock
induced combustion ramjet [21]). Classic wall-mounted ramp injector is raised by Waitz et
al [22] and following studied by numerical method in [23]. This kind of injector compressed
the supersonic flow at downedge, which forms a oblique shock interacting with jet injected
from ramp. The maximum distortion and life-off of jet from oblique shock interaction is
realized [24]. Faster mixing characteristic from oblique shock/jet interactions shows its
3
potential in reducing combustor length in hypersonic internal flows [25]. Although wall-
mounted injector shows the desirable results of mixing enhancement from shock interaction,
the underlying mechanism of lift-off characteristic in this type of shock-induced supersonic
streamwise vortex, which is clearly different from jet in crossflow, remains to be revealed.
The fundamental mechanism of streamwise vortex benefit from shock is the baroclinic
vorticity production that is firstly found in Richtmyer-Meshkov instability (RMI for short)
phenomenon [26, 27]. Under the slender body approximation [28, 29], a three-dimensional
steady oblique shock jet interaction (OS/JI for short) can be analogous to two dimensional
shock bubble interaction (SBI for short), a canonical case in the vigorous research of RMI
[30, 31]. By this way, the lift-off structure can be further studied in view of shock bubble
interaction. However, the slender body approximation proposed in [29] is only qualitatively
proven, which shows large deviation from the wall-mounted injector. This deviation is
further confirmed in present paper. Thus, there exists a transformation gap between the
scientific research in RMI and the real wall-mounted injector, which is vital to understand
lift-off phenomena and its mechanism for shock-induced supersonic streamwise vortex.
To investigate lift-off phenomena in oblique shock/jet interaction from a wall-mounted
ramp injector, the structures of streamwise vortex in the typical condition of internal flow
in scramjet with Ma=3.5 is numerically studied. Based on the objective coordinate system
on oblique shock, we will quantitatively prove that the lift-off structures in oblique shock
jet interactions is inherent and precisely controlled by structure kinetics of an analogous
counterpart of shock bubble interaction. A modified two-stage structure kinetics model well
explains the lift-off phenomena in both oblique shock jet interaction concerned in this paper
and experimental/numerical ramp injector in literatures. Our results provide the insight
into the nature of lift-off phenomena in oblique shock wave/jet interaction in the novel view
of dynamics in shock bubble interaction and builds a vigorous connection between the basic
scientific research in RMI and the real wall-mounted injector.
The remainder of this paper is organized as follows. In Sec.II, numerical method and
initial conditions for case studied in this paper are described. Sec.III shows the results of
the lift-off phenomena in oblique shock wave interaction. The analogy of lift-off structure
to structure kinetics of shock bubble interaction is proven in Sec.IV. Sec.V investigates the
vortex kinetics in shock bubble interaction, which leads to a physical model of lift-off for
oblique shock jet interaction shown in Sec.VI. Conclusions and suggestions for future work
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are presented in Sec.VII.
II. NUMERICAL METHOD AND SETUP
A. Numerical method
In this paper, three-dimensional Large eddy simulation is performed by our in-house
code platform ParNS3D [32–34] to study the oblique shock jet interaction. The governing
equations of mass, momentum, energy and transportation of species are:
∂ρ
∂t
+
∂(ρu˜i)
∂xi
= 0 (1)
∂(ρu˜i)
∂t
+
∂(ρu˜iu˜j)
∂xj
=
∂ (σ˜ij − τ˜ij)
∂xj
− ∂p˜
∂xi
(2)
∂(ρE˜)
∂t
+
∂(ρu˜iH˜)
∂xi
=
∂ (u˜j (σ˜ij − τ˜ij))
∂xi
− ∂(q˜i + Q˜i)
∂xi
(3)
∂(ρY˜s)
∂t
+
∂(ρu˜iY˜s)
∂xi
=
∂
∂xi
(
ρD∂Y˜s
∂xi
− b˜is
)
s = 1, 2, · · · ,m− 1 (4)
where (·) is Reynolds averaging and (˜·) is the Favre filtered averaging. All variables are
decomposed to resolved and unresolved (subgrid) parts by spatial filters that f = f˜ + f ′
with f˜ = ρf/ρ. Moreover, ρ, u˜j, p˜, E˜ and H˜ is density, velocity, pressure, energy and
enthalpy respectively. The mass fraction of sth component is denoted as Y˜s.
Also in above equations, σ˜ij = µ[∂u˜i/∂xj +∂u˜j/∂xi−2/3δij∂u˜k/∂xk] is the viscous stress
tensor, τ˜ij ≡ ρu˜iuj − ρu˜iu˜j is the subgrid scale stress tensor (SGS), q˜i = −λ∂T˜ /∂xi is
the heat flux where T˜ is temperature, Q˜i ≡ ρu˜iH − ρu˜iH˜ is the subgrid heat flux and
b˜is ≡ ρu˜iYs − ρu˜iY˜s is subgrid diffusion term [35].
As for component transport coefficient, µ, λ is the dynamic viscosity and thermal con-
ductivity of the mixed gas, given by the Wikes semi-empirical formula [36]. λ = Cpµ/Pr
in which Cp is constant pressure specific heat and Prandtl number is chosen as Pr = 0.72
[37]. For high-speed flow numerical simulations, mass diffusion D can be simplified by ig-
noring pressure and temperature diffusion, and its assumed to be constant with different
components as Di = D = µ/(ρSc) where Schmidt number is constant as Sc = 0.5 [36].
For the compressible flows and under Boussinesq hypothesis [38], the subgrid scale stress
tensor can be modelled as τ˜ij = −2µt(S˜ij − 1/3S˜kkδij), where S˜ij = 1/2(∂u˜i/∂xj + ∂u˜j/∂xi)
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is strain rate tensor and µt is turbulent eddy-viscosity. Subgrid heat flux can be modelled
as Q˜i = −λt∂T˜ /∂xi, where λt = µtCp/Prt is turbulent heat conductivity and Prt = 0.9
is turbulent Prantl number. Subgrid diffusion flux can be modelled as b˜is = −ρDt∂Y˜s/∂xi,
where Dt = µt/(ρSct) is turbulent diffusivity and Sct = 0.5 is the turbulent Schmidt number.
In this paper, Smagorinsky-Lilly model is applied for subgrid scale turbulent eddy-viscosity
modelling [39]: µt = ρL
2
s|S˜|, where Ls is the mixing length for subgrid scale and |S˜| ≡√
2S˜ijS˜ij. The mixing length Ls is computed using Ls = Cs∆, where ∆ is local grid scale
estimating by ∆ = V 1/3 = ∆x and Cs is Smagorinsky constant chosen as 0.1.
After the mathematical model is nondimensionalized, finite volume method is used for
discretion. Time marching is dealt with the third-order TVD Runge-Kutta method [40].
For convection terms, fifth-order WENO scheme [41] are applied for discretization, while
viscous terms are discretized by using the standard central difference method.
B. Initial conditions for OS/JI
The initial condition of OS/JI is illustrated in Fig.1(a). The coflow of Ma3d = 3.5 air
and Ma3d = 1.5 Helium jet is set as the incoming gas. This kind of hypervelocity of internal
flow is the typical conditions for sramjet combustor [21]. The pressure and temperature is
same of both air and Helium jet, which assures that no pressure wave is formed at the outlet
of Helium jet. The radius of the jet is chosen as R = 2mm, which is similar to the injector
diameter of normal injection such as in Hyshot and Hifre [7]. A diffusive layer is set at the
boundary of jet for two reasons. Firstly, diffusion will naturally occur in the presence of
concentration gradient along bubble [42]. Secondly, diffusion layer will avoid the spurious
vorticity production along the edge of bubble due to the mesh discretization [43]. In this
paper, thickness of diffusion layer is set as δ/R = 0.2 with a quasi-Gaussian distribution,
which is introduced in [32, 44].
The oblique shock is generated by the deflection of the downside wall. However, in order
to simplified the study, the wall condition is not used, but rather a steady oblique shock wave
is set at a inclined coordinate whose x direction is chosen as the inclined wall, as shown in
left figure of Fig.1. Although in the inclined coordinate, the slice of Helium jet will become
a little bigger because of the inclined projection in the slice of yz plane, deflection of the
coordinate is small (θ = 10◦) that the projection is similar to a circle of radius R′ = 2.03mm.
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(a) Initial conditions
(b) Initial conditions for density iso-surface. Different slices along x
direction are given.
FIG. 1. Initial conditions of oblique shock jet interaction.
The center of the Helium injection is set as the origin of the coordinate as shown in the right
figure of Fig.1(a). In order to fix the incoming flow condition and the oblique shock wave,
the left plane of computational domain is set as the inflow condition and the symmetry
boundary is set of the center plane of the bubble. Other boundary conditions are all set as
the extrapolation conditions to remove the effect of reflected wave. Fig.1(b) shows the initial
conditions of density distribution in the flow field. An oblique shock cutting the circular
Helium jet can be found. The flow after the oblique shock reads the high temperature high
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FIG. 2. (a) Density iso-contour and slices of yz plane along x axis. (b) Iso-contour of Q criterion
colored by vorticity magnitude of x direction, ωx.
pressure status from theoretical oblique shock dynamics, whose parameters can be found in
Fig.1(a).
The grid dependence study is also examined. A locally refinement of mesh is set around
the circular jet in order to achieve the high-resolution results and alleviate the numerical
computation burden. Three sets of meshes with different resolution have been done. By
comparing jet deformation and circulation information, we can infer that the mesh with
number of 13.5 million grids has reached grid independence as for the problem studied in
present paper. More information can be referred to Appendix.A.
III. LIFF-OFF PHENOMENA FOR OBLIQUE-SHOCK/JET INTERACTION
Heuristic results of three dimensional oblique shock jet interaction are given in Fig.2. The
results are taken when the flow field has become near steady. Ample fluid phenomena occur
in such simple initial geometry. From density iso-contour as illustrated in Fig.2(a), a circular
jet impinging on a oblique shock is clear. Along the flow direction, the circular jet is deformed
into kidney shape as the streamwise vortex emerges. The streamwise vortex benefits from
the baroclinic voriticity deposition originating from misalignment of pressure gradient ∇p
of oblique shock and density gradient ∇ρ from light density jet [31]. As the streamwise
vortex stretches the circular jet along the flow direction, a lobe with high concentration of
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(a1) Z=0 density
(a2) Z=0 Shadowgraph
(a3) Z=0 Velocity of u
(b1) Z=0.001 density
(b2) Z=0.0015 density
(b3) Z=0.0025 density1000 1500
0.2 2.3
Air jet
Reflected Expansion Wave
Refracted Oblique Shock
Down Edge
Trailing Lobe
Streamwise Vortex
Intense Mixing
Lift-off of Jet
FIG. 3. (a) Density contour (up), shadowgraph (middle) and velocity of u (bottom) at slice of
z = 0. (b) Density contour of slices at three different position along z axis.
Helium jet is trailing behind. The oblique shock is also influenced by the jet penetration as
the curvature shows at the interaction region. Slices of density contour at yz plane along
different position of x axis are inserted into the figure to the density variation along the main
flow. An interesting similarity to two dimensional shock bubble interaction can be found,
which will be compared from qualitative and quantitative way in details in the following
paper.
In order to study the characteristic of supersonic streamwise vortex, Q criterion [45]
colored by vorticity magnitude of x direction, ωx, was made in Fig.2(b). Rigorous vortex
tube twisted of the main streamwise vortex wandering along the streamwise direction can be
observed. Except from the main streamwise vortex, a companion vortex tube with negative
magnitude in vorticity evolves from the very beginning after the oblique shock and rotates
closely around the main streamwise vortex. This phenomenon is also called vortex kinks
firstly found in the colliding of vortex rings [46, 47]. We will show later that this companion
vortex tube comes from the stretching of the main streamwise vortex.
For more details of the OS/JI, slices of xy plane are offered as shown in Fig.3. The right
part of the Fig.3 shows the parameters of the flow contour (density, shadowgraph, velocity of
u) of slice at center slice of z = 0. From density contour and shadowgraph, it can find that
the oblique shock is refracted inside the Helium jet. A reflected expansion wave is formed
at the bottom side of jet. The penetration of Helium jet at slice of z = 0 is largely reduced
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due to oblique shock, which shows mixing induced less Helium concentration downstream
from the density contour of Fig.3(a1). Lift-off characteristic of the jet is obvious from the
structure position of shocked jet as shown in Fig.3(a3). The faster Helium jet slows down to
a speed that is similar to the post-shock velocity from the velocity contour (see Fig.3(a3)),
which suppresses the Kelvin-Helmholz (KH) instability along the streamwise after oblique
shock. As for the strong velocity shear before the oblique shock, the KH instability has not
been developed due to the short distance before the interaction with oblique shock.
From Fig.3(b), we shows the the density contour of xy plane at different location along
z axis. The intense mixing, presented by the neutral density along the jet, is happening,
which is contributed to the strong stretching of supersonic streamwise vortex as shown in
Fig.2. It is noteworthy that at z = 0.0025m, the region where streamwise vortex is not
affecting such as lobe region, shows the dramatic decrease in mixing, which emphasizes the
importance of mixing enhancement gain from streamwise vortex in supersonic flows.
IV. NATURE OF LIFT-OFF CHARACTERISTIC: AN ANALOGY TO SHOCK
BUBBLE INTERACTION
In this section, we will prove that under slender body approximation, the lift-off charac-
teristic is inherently and precisely controlled by an analogy to shock bubble interaction. We
first use the spatial-temporal correlation between OS/JI and SBI proposed by Yang [29].
A general consistency can be observed from the qualitative contour comparison. Moreover,
the circulation of streamwise vortex and 2D SBI is compared in quantitative way. However,
for the structure position, the correlation fails to link the lift-off structure of OJ/SI and
structure kinetics in SBI. Thus, we further propose a objective correlation based on the
coordinate of oblique shock.
A. Slender-body approximation
If the velocity of streamwise flow is larger than the spanwise velocity in one order of
magnitude (in this cases Ustream/Uspan ≈ 8), it is suitable of the slender body approximation,
which means the spatial evolution of 3D OS/JI is analogy to the temporal evolution of 2D
SBI [48]. Fig.4(a) shows the temporal-spatial correlation between 2D SBI and 3D OS/JI.
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(a) Correlation between 2D SBI and 3D OJ/SI.
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(b) Initial conditions for 2D SBI.
FIG. 4. Correlation for OS/JI and SBI (containing initial conditions)
Due to the oblique shock wave theory, the actual strength of a oblique shock wave of Ma3D
in 3D OS/JI is the same as the normal shock with strength of Ma2D = Ma3Dsinβ ≈ 1.445
in 2D SBI. The core idea of correlation is the oblique shock wave is inclined in such way in
x− y diagram as the incident normal shock wave of 2D propagates in t− x diagram [29]:
∆Y3D = X2D (5)
which translates to:
∆X3Dtan(β − θ) = t2D ·Ma2D · c1 (6)
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in which c1 is the sound speed of pre-shock ambient air and β can be obtained from the
oblique shock wave relation β = β(Ma3D, θ) [49]. What needs to be caution is that, as
shown in Fig.4(a), distance of x0 = 4mm exists before the shock interacts with the Helium
jet. Thus, the temporal-spatial correlation considering the length of x0 is represented as:
X3D = x0 + ∆X3D = x0 +
t2D ·Ma2D · c1
tan(β − θ) (7)
Thus, we further calculated a 2D SBI of initial conditions as shown in Fig.4(b). The
shock Mach number of 2D SBI is set as 1.445, which fixes the post-shock parameters from
Rankine-Hugonit relationship [49]. The radius is set same as the circular jet of OS/JI. A
diffusion layer of the same distribution is considered as shown in the zoomed insert figure in
Fig.4(b). The computational domain satisfies the temporal evolution of 2D SBI to correlate
with 3D OJ/SI from Eq.7. The mesh resolution is chosen the same as the yz plane of 3D
OS/JI to restrict the controlling parameters.
B. Qualitative comparison
Fig.5 shows the qualitative comparison between 3D OS/JI and 2D SBI. Different slices are
extracted from the 3D OS/JI along the streamwise to compare with the temporal evolution
of 2D SBI. The general consistency can be confirmed from the bubble morphology between
2D and 3D results. After shock impact, the bubble is compressed by shock. The upstream
edge moves faster relative to the whole shocked bubble motion, which turns to the air jet
(AJ) structure [50]. It is this faster motion of AJ that accumulates the centralized baroclinic
vorticity to form the main vortex structure, which is also the streamwise vortex structure
in 3D OS/JI. From Fig.5(f), we can observe the formation of companion vortex clearly. It
comes from the entrainment process of main vortex during absorbing lobe bubble. This
phenomenon also can be confirm by previous experimental results [50] and is the cause
of secondary vortex ring in 3D shock bubble interaction [51]. The exception of structures
correlation is the faster refracted shock position in 3D OS/JI than the one in 2D SBI. This
violation will be resolved by a change of coordinate, which will be discussed in the following
section.
The vorticity contour from 3D OS/JI and 2D SBI are also compared in Fig.6. The
vorticity of x direction in 3D OS/JI is chosen for it takes the dominant value than voritcity
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FIG. 5. Comparison of density contour between 3D OJ/SI and 2D SBI. (a) x = 7.87mm for 3D
and t = 2µs for 2D SBI, x/D = 1.97; (b) x = 21.4mm for 3D and t = 9µs for 2D SBI, x/D = 5.36;
(c) x = 40.8mm for 3D and t = 19µs for 2D SBI, x/D = 10.2; (d) x = 60.2mm for 3D and
t = 29µs for 2D SBI, x/D = 15.0; (e) x = 79.5mm for 3D and t = 39µs for 2D SBI, x/D = 19.9;
(f) x = 98.9mm for 3D and t = 49µs for 2D SBI, x/D = 24.7.
magnitude in other two directions. Baroclinic vorticity is deposited immediately following
with the shock passage. The main vortex forms behind air jet structure and gradually
absorbs the whole vorticity along the bubble. The secondary baroclinic vorticity production
can be found in Fig.6(c), which forms into companion vortex in 3D OS/JI. The reason
for this secondary baroclinic vorticity production is the local acceleration of light density
bubble as revealed in [52]. The secondary baroclinic vorticity will shows its effectiveness on
accelerating the local mixing rate in RM problem [53]. Again, the 3D OS/JI and 2D SBI
shares the similarities from the qualitative perspective in general.
C. Quantitative comparison
Here, we compare the circulation growth and structure position of 3D OS/JI and 2D SBI
in the quantitative way. First, the circulation of these two cases are calculated as the area
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FIG. 6. Comparison between vorticity contour of x direction in 3D OS/JI and voriticity contour
in 2D SBI. Position taken from 3D results and moment taken from 2D results referring to Fig.5.
integral of vorticity magnitude:
Γx =
ˆ
ωxdA; Γ
+
x =
ˆ
ω+x dA; Γ
−
x =
ˆ
ω−x dA (8)
Moreover, the circulation from secondary baroclinic vorticity is also calculated. The com-
parison of circulation is presented in Fig.7. Due to the fact that in 3D OJ/SI, the circular
jet is injected downwards before interacting with oblique shock (refer to Fig.1), the circu-
lation is negative at the outlet of circular orifice. It increases immediately after oblique
shock interaction, which shows the same trend as circulation growth in 2D SBI. However,
the circulation magnitude of 3D OS/JI is slightly lower than one of 2D SBI. Moreover, the
secondary baroclinic circulation fails to collapse between 3D case and 2D case.
Here, we further seek to the the vorticity evolution in other two direction, namely ωy and
ωz as shown in Fig.8. It can find that although the vorticity magnitude of this two direction
is much lower than one of x direction, considerable value if integrated makes it possible that
vorticity in x direction is translated to other direction by vortex stretching [54], which makes
the slightly deviation of circulation in 3D OS/JI from the one in 2D SBI.
The quantitative comparison between structure position in 3D OS/JI and 2D SBI is illus-
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FIG. 7. Quantitative comparison between circulation of voriticity in x direction ωx in 3D OS/JI
and in 2D SBI under the spatial-temporal correlation of Eq.7. A coordinate corrected circulation
of 2D SBI from Eq.14.
trated in Fig.9. The main shock structures and bubble/circular jet structures are faithfully
recorded. It interesting to find that the general trend of structure position is similar, while
the slopes of structures in 2D SBI are larger than the ones in 3D cases. However, we find
only one structure position is matched, that is the oblique shock in 3D and incident shock
in 2D. This is the key to correct the spatial-temporal correlation of Eq.7.
D. A modified correlation for lift-off characteristics
Let us re-examine the initial condition of 3D OS/JI as shown in Fig.1. It is naturally
to built the correlation of 2D SBI and 3D OS/JI in the frame of computational, which is
the laboratory coordinate system convenient to conduct the study [29]. However, we may
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FIG. 8. Vorticity in y direction and z direction in 3D OS/JI at different positions along x direction
(positions taken refer to Fig.5).
find that temporal-spatial correlation stands only in the coordinate of Ox′y′z′ that is on
oblique shock wave, which is frame of system with a counter-rotation angle θ referring to
the laboratory system Oxyz as illustrated in Fig.10. Then, make correlation between 2D
SBI and 3D OS/JI in the coordinate frame of Ox′y′z′, we obtain:
X ′3D = x
′
0 + ∆X
′
3D = x
′
0 +
t2D ·Ma2D cot c1
tanβ
(9)
where x′0 = x0cosβ/cos(β − θ) and Y ′ = x2D needs to be noted. Thus the position of any
structure concerned such as AJ, DE or shock wave structures in new coordinate Ox′y′z′
needs to rotate to the coordinate of Oxyz by rotational transformation matrix:

φx
φy
φz
 =

cosθ sinθ 0
−sinθ cosθ 0
0 0 1


φ′x
φ′y
φ′z
 (10)
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FIG. 9. Quantitative structure position comparison between 3D OS/JI (obtained from Fig.3) and
2D SBI under the spatial-temporal correlation of Eq.7. Insert: illustration of structure position.
Thus the position of (x0, y0, z0) can be expressed by:
x0 = x
′
0cosθ + y
′
0sinθ
y0 = −x′0sinθ + y′0cosθ
z0 = z
′
0
(11)
By change the frame of coordinate concerned from the laboratory system to the objective
oblique shock wave system, it can find that position can be correctly matched between 2D
SBI and 3D OS/JI as shown in Fig.11. This shows the intrinsic similarity between 2D and
3D flow structures under the slender body approximation, which will be a useful method
the simplified the research in 3D system.
Due to the invariant characteristic of a tensor under different coordinates, any vector
should keep the same form so as the curl of velocity vector, which is vorticity vector −→ω :
−→ω = ∇× u = (ωx, ωy, ωz) = (ωx′ , ωy′ , ωz′) (12)
Then the circulation calculated from 2D SBI in coordinate of Ox′y′z′ should also also be
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FIG. 10. An improved spatial-temporal correlation in the objective coordinate frame on oblique
shock.
transformed into the expression in coordinate Oxyz:
Γx′ =
ˆ
ωx′dA
′ =
ˆ
ω2DdA2D = Γ2D (13)
In coordinate of Ox′y′z′, that assumes ωy′ = 0 and ωz′ = 0. This leads to ωx = ωx′cosθ by
rotational transformation of Eq.10. Also considering that the finite volume dA = dA′cosθ,
the circulation from 2D SBI in the coordinate of Oxyz should be expressed as:
Γx =
ˆ
ωxdA =
ˆ
(ωx′cosθ)d(A
′cosθ) = Γ2Dcos2θ. (14)
The corrected circulation of 2D SBI is also plotted in Fig.7. It can find that the correlated
circulation of 2D SBI comes near slightly to 3D OS/JI. Yet, the vortex stretching in 3D
OS/JI still makes discrepancy as analysed before.
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FIG. 11. Quantitative structure position comparison between 3D OS/JI and 2D SBI under the
spatial-temporal correlation of Eq.9 (refer to Fig.9). The striking similar structures between OS/JI
and SBI support the proposition that the lift-off of streamwise vortex is the result of a underlying
two-dimensional vortical motion.
V. TWO-STAGE PROPAGATION MODEL OF VORTEX IN SHOCK BUBBLE
INTERACTION
In previous section, the correlation between 2D SBI and 3D OS/JI is proposed by intro-
ducing the objective coordinate of frame on oblique shock. If the structure lift-off in 3D
OS/JI can be directly related to structure velocity in 2D SBI, underlying nature of lift-off
can be revealled by dynamics of 2D SBI structure. This section focuses on building the
velocity model of 2D SBI through a series of SBI cases with different shock strength (from
Ma=1.22 to Ma=4).
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Ma 1.22 1.445 1.8 2.4 3 4
p′1(Pa) 159036.9 229891.7 366015.0 663791.3 1046646.5 1873802.9
T ′1(K) 334.06 375.95 448.28 596.87 783.41 1182.91
u′1(m/s) 114.71 215.75 356.58 568.31 783.41 1074.53
Wi(m/s) 419.26 496.58 618.58 824.78 1030.97 1374.62
u′2/u′1(-) 1.424 1.423 1.421 1.417 1.414 1.412
A+(-) -0.79 -0.81 -0.83 -0.85 -0.85 -0.85
TABLE I. Parameters of different shock Mach number including post-shock pressure p′1, post-shock
temperature T ′1, post-shock velocity u′1, incident shock velocity Wi, u′2/u′1 and post-shock Atwood
number A+ = (ρ′2 − ρ′1)/(ρ′2 + ρ′1) respectively calculated from one-dimensional shock dynamics.
A. Structure velocity for a wide range shock strength
Table.I offers the initial conditions for cases of different shock strength of 2D SBI. The
geometry parameters are the same as ones in previous section shown in Fig.4(b). Containing
shock strength of Ma=1.445, which is compared with 3D OJ/SI case in Sec.IV, six cases with
different shock Mach number from 1.22 to 4 are simulated to study the velocity discipline
of different structures such as air jet, down edge of bubble and vortex center motion.
As shown in Fig.12, positions of different structures of shocked bubble, x2D/D, are
recorded with variation of dimensionless time tWi/D, where Wi is the incident shock wave
speed from one dimension gas dynamics. For all Mach number concerned, speed of incident
shock (IS) wave shows general agreement with theoretical values. When refracted shock
structure (RS) is imbedded in bubble, faster speed is obtained due the acoustic impedance
[31]. When refracted shock leaves bubble, it converges to incident shock motion at late
time. Up stream edge or say air jet (AJ) moves in a faster speed than downstream edge
and the speeds of these two structures also become near at late time which forms the bridge
structure as shown in Fig.5. It is interesting to note that the velocity of vortex center is
approximately same as the one of down edge of bubble, which means vortex follows down-
stream edge motion with time and this will be explained in the following model. In general,
all structure velocity are higher in stronger shock cases.
20
tWi/D
x
/D
0 2 4 6 8 10 12-1
0
1
2
3
4
5
6
AJ
DE
RS
IS
XV
dXDE/dt=0.38
dXIS/dt=1.05
dXAJ/dt=0.48
dXV/dt=0.34
(a) Ma=1.22
tWi/D
x
/D
0 1 2 3 4 5 6-1
0
1
2
3
4
5
AJ
DE
RS
IS
XV
dXDE/dt=0.55
dXIS/dt=1.04
dXAJ/dt=0.70
dXV/dt=0.53
(b) Ma=1.445
tWi/D
x
/D
0 2 4 6 8-1
0
1
2
3
4
5
6
AJ
DE
RS
IS
XV
dXDE/dt=0.68
dXIS/dt=1.01
dXAJ/dt=0.83
dXV/dt=0.64
(c) Ma=1.8
tWi/D
x
/D
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5-1
-0.5
0
0.5
1
1.5
2
2.5
3
3.5
4
AJ
DE
RS
IS
XV
dXDE/dt=0.75
dXIS/dt=1.02
dXAJ/dt=0.94
dXV/dt=0.74
(d) Ma=2.4
tWi/D
x
/D
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5-1
-0.5
0
0.5
1
1.5
2
2.5
3
3.5
4
AJ
DE
RS
IS
XV
dXDE/dt=0.79
dXIS/dt=1.02
dXAJ/dt=0.95
dXV/dt=0.79
(e) Ma=3
tWi/D
x
/D
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5-1
-0.5
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
AJ
DE
RS
IS
XV
dXDE/dt=0.80
dXIS/dt=1.01
dXAJ/dt=0.97
dXV/dt=0.81
(f) Ma=4
FIG. 12. Structure position in 2D SBI of different Mach number. Linear fit of different structure
position are plotted as solid lines whose slopes are remarked in each figure.
B. Two schools of structure kinetics in SBI
In fact, the dynamics of shock bubble interaction has long been a theoretical study focus
since the original experiment conducted by Rudinger and Somers [55]. Two main schools
of structure kinetics in SBI have emerged. The first is based on the linear growth theory
of small perturbation in RMI [26] which is further modified by Haas and Sturtevant [56]
(referred to HS model hereafter) through delicate experiment study. This model [56] treats
the SBI as the example of shock-induced Richtmyer-Meshkov instability [30]. The core idea
is shown in the left part of Fig.13(a). As the analogy, SBI is regarded as the perturbation
with curvature in amplitude a and wave number k much larger than small sinusoidal interface
widely-accepted in single-mode RMI problems [57]. Then the upstream of bubble or say air
jet point can be regarded as the crests and downstream edge of bubble can be regarded
as troughs in the model of linear growth in RMIp. The first validation of HS model is
numerical simulation carried by Picone and Boris [58] and is further modified by Ding et al
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Ma AJ[Eq.15] AJ[meas] ε(%) DE[Eq.16] DE[meas] ε(%)
1.22 0.50 0.48 3.73 0.28 0.38 -27.01
1.445 0.73 0.70 4.31 0.50 0.56 -9.62
1.8 0.89 0.83 7.99 0.75 0.69 8.35
2.4 0.99 0.94 5.24 0.96 0.75 28.30
3 1.02 0.95 7.17 1.07 0.79 36.68
4 1.05 0.97 7.56 1.16 0.80 46.20
TABLE II. Comparison between dimensionless velocity obtained from theoretical model (HS model
[56]) and numerical result (measured from Fig.12) for air jet structure and down edge structure.
Error of theoretical value is also given.
[59] through introducing a reduction factor φ [60] for air jet structure:
uAJ
u′2
= 1− φZcakA+ (15)
where u′2 is the velocity jump of upstream interface from shock impact. Zc = 1 − u′2/Wi is
the shock induced compression factor and A+ is the post-shock Atwood number. For a and
k is amplitude and wave number respectively, and maintains ak = 1 in the cylinder case [56].
The reduction factor φ is suggested as 0.6 by [59] and as 0.5 in heavy density bubble [61].
Then for the down edge of bubble, the velocity is sightly smaller than the velocity jump of
shocked gas u′2:
uDE
u′2
= 1 + φZcakA
+ (16)
Table.II compares the structure velocity of AJ and DE obtain from theoretical model
and numerical results in Fig.12. It can find that HS model lightly over-predicts the results
within an acceptable error range (ε < 8%), which coincides with the results reported in
[56]. However, for downstream edge, large violation of theoretical value is observed from
numerical results. It is noteworthy that this phenomenon is also recorded in [56] in which
general smaller value of experimental results than theoretical value. This shows that as far
as downstream edge is concerned, the linear RM type HS model will not be suitable in SBI
problem. The reason will be analyzed below and a modified downstream edge prediction
model is proposed accordingly.
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Due to the fact that curvature of bubble is normally much larger than small perturbation,
which makes the HS model doubtful for prediction of nonlinear vortex dynamics for late-
time behavior. Thus, another school is based on the theory of the propagation of a vortex
ring under the impulsive acceleration of a disk proposed by Taylor [62]. Focusing on the
late time behavior of vortex motion, a vortex propagation model for SBI is proposed by
Rudinger and Somers [55] (referred to RS model hereafter). Based on the vortex dynamics,
RS model supposes the bubble as the solid particle which will be accelerated by shock in
the speed of up by invoking the well-known concept of ‘apparent additional mass’ (virtual
mass):
uP
u′1
=
1 + k
σ + k
where σ =
ρ′2
ρ′1
(17)
and additional mass fraction k = 0.5 for spherical bubble and k = 1.0 for cylindrical bubble
(k is also called inertial coefficient). Thus, velocity of vortex motion can be modelled through
the vortex formation from a sudden start of a disk as:
uV
u′1
= 1 +
2
pi2
1− σ
σ + 1
(18)
In fact, we can find that in RS model, vortex motion is actually formed from the motion of
air jet which is also mentioned by [56]. As analyzed in Fig.6, the vortex core become evident
once air jet is penetrates into the bubble, which is illustrated in Fig.13(d). Moreover, in [63]
bubble motion is also treated as air jet, which is uP = uAJ.
While vortex propagation model has been widely used [50, 64–66], it is noteworthy that
the discrepancy between theoretical value and actual value obtained either from experiment
or from numerical simulation is quite large in most cases [63, 67]. Here, we offer Table.III
that compares the structure velocity of AJ and vortex motion obtained from theoretical
model and numerical results in Fig.12. It can find that although RS model predicts the
vortex velocity at shock Mach number lower than 1.8, it over-predicts the vortex speed
especially in high shock Mach number. Also, AJ structure is hardly captured by RS model.
C. An improved two-stages vortex propagation model
As shown in Table.II and III, HS model seems to fail to predict DE velocity in SBI
and RS model fails to predict vortex motion in high Mach number. The fundamental
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Ma up[Eq.17] AJ[meas] ε(%) Vortex[Eq.18] Vortex[meas] ε(%)
1.22 0.49 0.48 1.15 0.32 0.34 -6.48
1.445 0.79 0.70 11.96 0.51 0.53 -4.74
1.8 1.05 0.83 27.60 0.67 0.64 5.24
2.4 1.27 0.94 35.56 0.81 0.73 9.93
3 1.37 0.95 43.72 0.87 0.79 9.81
4 1.45 0.97 48.87 0.92 0.82 12.18
TABLE III. Comparison between dimensionless velocity obtained from theoretical model (RS model
[55]) and numerical result (measured from Fig.12) for equivalent piston structure (comparing with
air jet) and vortex structure. Error of theoretical value is also given.
HS87 Model Before shock
Stage I:
RM growth
Stage II:
Vortex growth
(a) (b) (c) (d)
FIG. 13. The illustration of incipient status of bubble immediately after shock. HS model [56] is
also given on the left for comparison.
reason may be explained as that shock bubble interaction is a highly non-linear complex
system in which initial state and final state are at completely different status. Either of two
schools of structure dynamics can solely explain the whole evolution behavior of shock bubble
interaction. However, we can find that air jet prediction of HS model is fairly well for all
Mach number, which means that the incipient formation of shocked bubble still follows the
rule of Richtmyer-Meshkov instability at least for air jet. Moreover, for low Mach number,
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RS model can characterize the vortex propagation under the correct prediction of air jet
velocity such as in Ma=1.22 in Table.III. Thus, both HS model and RS model should be
applied in dialectical way based on the physical formation of different stage in the problem
of shock bubble interaction. Here, we analyze two-stage formation for different structures in
SBI as shown in right part of Fig.13(b-d). As we can find, SBI is a confined geometry that
light gas density is surrounded by ambient air, which is different from single-mode RMI as
analogy in HS model. It is more like a gas curtain [68] than a semi-infinite gas inhomogeneity
with different density before shock impact as shown in Fig.13(b). In fact, immediately after
shock, as the first stage,p the upstream of bubble can be regarded as the crest of sinuous
interface because it locates at the upwind side of the bubble marked as ’+’ in Fig.13(c),
which is assumed in HS model. However, for downstream edge, it locates at the rear side
’−’ of shocked bubble, which violates the troughs assumption in HS model. Because the
interface between bubble and shocked air at point of DE is the contact discontinuity, they
both share the same velocity in view of one-dimensional shock dynamics [31]. Thus, if we
stand on the side of the post shocked air, downstream edge of bubble becomes the crest
point for shocked ambient air in velocity of u′1 with same curvature as AJ point for shocked
bubble in velocity of u′2. Still following the RM linear growth rate theory, for shocked air,
this correlation can be further expressed as:
uDE
u′1
= 1− φZcakA+ = 1 + φZcak1− σ
σ + 1
(19)
From this expression, we also can explains the similar velocity between DE and vortex center
from the similar velocity expression referring to Eq.18 by invoking A+ = (σ − 1)/(σ + 1).
Table.IV offers the theoretical values and numerical values of DE structures. Acceptable
error within range of ε < 9% from theoretical value can be found, which validates the
proposed model.
As analyzed in RS model, the vortex motion is actually at the second stage and is the
result of the penetration of air jet formed at the initial stage as shown in Fig.13(d). The air
jet is deemed as a jet penetration of a dissolvable disk that forms the vortex behind the disk.
This physical model inspires us to combined the well-posed AJ model from linear growth
rate theory of RMI to the RS vortical motion model. The air jet kinetic energy is absorbed
by vortex, which motivates the vortex motion [62]:
uV − u′1 =
2
pi2
(uAJ − u′1) (20)
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Ma DE[Eq.19] DE[meas] ε% Vortex[Eq.21] Vortex[meas] ε%
1.22 0.35 0.38 -6.98 0.32 0.34 -5.74
1.445 0.52 0.56 -7.51 0.49 0.53 -6.79
1.8 0.63 0.69 -8.62 0.64 0.64 0.11
2.4 0.70 0.75 -7.23 0.75 0.73 2.08
3 0.72 0.79 -8.00 0.80 0.79 0.88
4 0.74 0.80 -6.91 0.84 0.82 2.22
TABLE IV. Comparison between dimensionless velocity obtained from the proposed theoretical
model and numerical result (measured from Fig.12) for downstream edge structure and vortex
structure. Error of theoretical value is also given.
by a coefficient 2/pi2 for an impulsive motion of an infinite lamina [55]. Rearranging Eq.20
by introducing Eq.15, we obtain:
uV
u′1
= 1 +
2
pi2
(
uAJ
u′1
− 1
)
= 1 +
2
pi2
[
u′2
u′1
(1− φZcakA+)− 1
]
(21)
From Table.IV, it can find that the proposed model for vortex motion largely ameliorate
the theoretical prediction comparing with numerical results especially for higher shock Mach
number with error ε < 3%.
In order to further validate the proposed two-stage vortical propagation model, we col-
lected the velocity recorded in literature in SBI. Detailed analysis and comparison can be
found in Appendix.B. General agreement is obtained from the theoretical prediction and
measured values in literatures.
VI. A PHYSICAL MODEL FOR LIFT-OFF IN OBLIQUE SHOCK/JET INTER-
ACTION
From previous two section, we built the spatial-temporal correlation and an improved
velocity model of 2D SBI. By combining this two point, we will finally obtained a physical
model of lift-off model for OS/JI based on structure kinetics of SBI. Referring back to Fig.10,
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FIG. 14. Validation of lift-off height model as Eq.23 by comparing with the results of OJ/SI in
present paper.
the slope of any structures in coordinate Ox′y′z′ satisfy:
dY ′/dX ′
dx2D/dt
=
tanβ
Ma2D · c1 =
dY˜ ′/dX ′
u˜
(22)
Here, u˜ can be velocity of any structures in 2D SBI such as AJ (uAJ), DE (uDE) or velocity
of vortex motion (uV). Then the slope of dY˜
′/dX ′ of any structures in coordinate of Oxyz
is:
dY
dX
= tan(β˜ − θ) (23)
where β˜ is the deviation angle of structure in coordinate of Ox′y′z′:
β˜ = arctan
(
dY˜ ′
dX ′
)
= arctan
(
u˜ · tanβ
Ma2D · c1
)
(24)
This ensures that when structure position is chosen as oblique shock, it leads to u˜ = Ma2D ·c1
and dYs/dX = tan(β − θ), which satisfies the oblique shock dynamics.
Fig.14 shows the prediction of lift-off slope of DE structure, AJ structure and vortex
structure by correlating with 2D SBI of Ma=1.445 case. General agreement is obtained
between theoretical value and numerical results in both 2D SBI and 3D OS/JI.
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FIG. 15. Validation of lift-off height model as Eq.23 by comparing with the experimental/numerical
results [22, 23].
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FIG. 16. Liftoff height dependence on inflow Mach number Ma3D and flow compression angle θ.
Next, this lift-off model shows its effectiveness in predicting the lift-off of fuel jet in a
model wall-mounted injector [22]. This geometry is further studied by numerical method in
detail [23], which offers the mutual-validation results. The thorough experimental conditions
are summarized in Fig.15(a). With a hypervelocity of Ma3D=6, a Helium jet is injector into
the combustor. From the total pressure and total temperature combining with the Mach
number, we obtain the density of ambient air of 0.239kg/m3 and Helium of 0.018kg/m3.
The deviation angle for compression ramp to produce is 4.76 deg which makes a Ma2D =
1.347. Then using the velocity model proposed, we get the structure position slope angle
β˜ summarized in Table inserted in Fig.15(a). Through normalizing the lift-off height by
injector height, we plot the theoretical value obtained from Eq.23 on the data reported
separately from [22] and [23]. At the upstream of jet, the obvious lift-off matches the
structure position model of air jet and at the downstream of jet, it shows convergence to
structure of vortex and down edge of bubble. It is interesting to note that the centroid of
a shocked bubble recorded in [64] also shows this characteristic of move fast at first, then
slowly at late time.
Finally, we turn our attention to the problem raised at the beginning of this paper.
The dependence of lift-off height on inflow Mach number and shock compression angle is
theoretically analyzed. For increasing inflow Ma number, the lift-off height decreases steeply
especially at high compression angle as shown in Fig.16(a). As for lift-off of down edge, a
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Mach number independence appears, which suggests that for higher inflow Mach number
(Ma> 5), the wall-mounted ramp injector may loses its advantage of increasing lift-off height,
while it is relative effective for low inflow Mach number with Ma< 3.5.
As for deviation angle dependence shown as in Fig.16(b), increase compression angle
shows the nonlinear increase of lift-off height. Facing the total pressure loss formed from
oblique shock [69], the synthesized consideration of lift-off height and other performance
from a ramp injector is needed.
VII. CONCLUDING REMARKS
In this paper, the lift-off characteristic from a three dimensional oblique shock jet in-
teraction is systematically studied. By standing on the objective frame of oblique shock,
a well-posed spatial-temporal correlation is proposed. For the first time, the detailed anal-
ogy between shock bubble interaction and oblique shock jet interaction is preformed. The
striking similarity between OS/JI and SBI supports the proposition that the lift-off of shock-
induced supersonic streamwise vortex is the result of a underlying two-dimensional vortical
motion. Further combining the linear growth rate in Richtmyer-Meshkov instability, we
raised an improved two-stage vortex motion model that is tested by numerical results in this
paper as well as the results in literature to date. Combining the well-posed spatial-temporal
correlation, this kinetics model of SBI leads to a physical lift-off model that shows fairly
well prediction of both numerical results in present paper and lift-off height data recorded
in previous experimental and numerical studies.
In summary, as shown in Fig.17, the pioneering idea of Marble [19] that using oblique
shock to enhance mixing and the analogy of SBI and OS/JI further spurs the conversion
of theoretical model to application, which also has been employed in relative research [70,
71]. This paper provides strong evidence that the extensive research of understanding and
controlling perturbation growth in RMI can be extended to understand and control the
mixing performance of injector in scramjet. Moreover, the results reported in this paper
may pave the new way for future work relating to quantifying the three-dimensional Kelvin-
Helmholtz instability on turbulent mixing [72], combustion [73] and to the preliminary design
of scramjet combutor [74].
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FIG. 17. The illustration and comparison of the steady three-dimensional jet shock interaction in
scramjet and unsteady two-dimensional shock bubble interaction [19].
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Appendix A: Mesh independence study for OS/JI
Here, the grid dependence study of three dimensional oblique shock jet interaction is
investigated. In order to reduce the computational burden in the mesh independence study,
direction of streamwise (x direction) is reduced to 0.04m. Fig.18 shows the detailed mesh
information of three different resolution. In this paper, the core bubble deformation region
concerned is particular refined with fine mesh. Three kinds of mesh resolution is up to 280
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FIG. 18. Three meshes of mesh independence study of OJ/SI.
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FIG. 19. Four streamwise section of OJ/SI with different resolution.
million cells for Mesh-1, 1344 million cells for Mesh-2 and 3200 million cells from Mesh-3.
The resolution for three meshes of ∆x × ∆y × ∆z are 120µm × 75µm × 75µm for Mesh-
1, 100µm × 37.5µm × 37.5µm for Mesh-2 and 80µm × 25µm × 25µm for Mesh-3. The
initial conditions and boundary conditions are same as the ones introduced in Section.II.
First, the four streamwise cross section flow contours are compared as shown in Fig.19.
The general consistency are obtained for three different resolution. With the increase of the
mesh resolution to Mesh-2, the secondary vortex are shown comparing to the low resolution
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FIG. 20. Comparison of both total circulation and SBV circulation of different resolution of OJ/SI.
Mesh-1. This secondary vortex is also shown in Mesh-3 of high resolution. Although some
instability appears at bridge structure of Mesh-3, good consistency of fine flow structures
exists between Mesh-2 and Mesh-3.
Quantitative analysis of cross section circulation of ωx also include positive circulation
and negative circulation is also compared in Fig.20. The total circulation of three different
resolution are compared in Fig.20(a) and positive and negative circulation produced from
secondary baroclinic vorticity of three resolution are compared in Fig.20(b). Similar to the
flow contour, Mesh-2 shows the same trend with Mesh-3 of both total circulation and SBV
circulation. In general, the medium mesh of Mesh-2 shows the similarity with the fine mesh
of Mesh-3. Considering the reducing the computational burden, the resolution of Mesh-2 are
chosen in this study, that is sufficient for capturing lift-off structures correctly in quantitative
way.
Appendix B: Validation of velocity model for data from literatures
In this section, the structure dynamics of shocked bubble introduced in Section.V are
validated by data for interaction between shock and light cylindrical bubble from the cur-
rent literatures to date. A wide range of Mach numbers and Atwood numbers (referring to
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Ref Ma At AJ[Eq.15] AJ[meas] DE[Eq.19] DE[meas] Vor[Eq.21] Vor[meas]
HS87[56]a 1.085
-0.69
86.49b 125.00(−30%)c 63.24 69.00(−8.3%) 60.00 54.85(9.1%)
HS87[56]
1.22 200.00b
230.00(−13%)
146.01
145.00(0.7%)
131.95
128.00(3.0%)
PB88[58]d 214.00(−6.6%) 143.00(2.1%) 135.00(−2.2%)
QK96[65]d 227.00(−11%) 146.00(0.01%) −
Jacobs92[64]a 1.093
-0.76
100.59 88.52(13%)e 70.69 67.93(3.9%) 61.42 57.12(7.5%)
Igra18[75]d
1.17 129.69 126.70(2.1%) − − − −
1.19 143.83 140.80(2.0%) − − − −
Yang94[28]d
1.05 56.52 − 39.73 − 33.95 34.44(−1.4%)
1.1 107.42 − 75.49 − 65.76 66.59(−1.2%)
1.5 399.71 − 280.96 − 273.01 262.61(4.0%)
2 649.99 − 457.98 − 477.34 457.69(4.3%)
1.1
-0.47
84.07 − 68.57 − 61.02 61.92(−1.4%)
2 573.39 − 468.33 − 461.82 443.85(4.0%)
2 -0.25 511.14 − 458.93 − 449.21 440.14(2.0%)
a Experimental study
b 28% air contamination is considered.
c Measurement error is up to 30% reported in [56].
d Numerical study
e Named as center upstream edge in [64].
TABLE V. Validation of structure model by the results of 2D SBI from current literatures to date.
For convenience, the absolute velocity in unit of m/s is converted for data from different literatures.
Error of theoretical value ε% are given in parentheses.
pre-shock conditions) are considered as shown in Table.V. Classical experimental results are
obtained from [56] and [64]. Several numerical results are also collected [28, 58, 65, 75]. The
data from literatures tend to be normalized by different ways. For convenience, the abso-
lute velocity in unit of m/s is converted from different literatures to compare with values
predicted by model. As for air jet structure, the model from linear RM theory [56, 59] (see
Eq.15) is slightly lower than numerical and experimental results. For one reason, measure-
ment error is up to 30% as reported in [56]. For another reason, although we considered 28%
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contamination of air uniformly inside bubble, a non-uniform of contamination may occur in
real experiment [65] which would causes deviation. As for downstream edge of bubble, it can
found that general agreement is obtained between theoretical model of Eq.19 and data from
literatures. Finally, the improved vortex propagation model of Eq.21 well captures nearly
all cases reported in literatures. These results validates the structure dynamics model of
shock bubble interaction introduced in Section.V.
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